Hypothyroidism is a common condition of hormone deficiency, and oral administration of thyroid hormones is currently the only available treatment option. However, there are some disadvantages with this treatment modality including compliance challenges to patients. Therefore, a physiologically based alternative therapy for hypothyroidism with little or no side-effects is needed. In this study, we have developed a method for microencapsulating porcine thyroid cells as a thyroid hormone replacement approach. The hybrid wall of the polymer microcapsules permits thyroid hormone release while preventing immunoglobulin antibodies from entry. This strategy could potentially enable implantation of the microcapsule organoids containing allogeneic or xenogeneic thyroid cells to secret hormones over time without the need for immunosuppression of recipients. Porcine thyroid cells were isolated and encapsulated in alginate-poly-L-ornithine-alginate microcapsules using a microfluidic device. The porcine thyroid cells formed three-dimensional follicular spheres in the microcapsules with decent cell viability and proliferation. Thyroxine release from the encapsulated cells was higher than from unencapsulated cells (P < 0.05) and was maintained during the entire duration of experiment (>28 days). These results suggest that the microencapsulated thyroid cell organoids may have the potential to be used for therapy and/or drug screening.
Introduction
Hypothyroidism is one of the most common forms of hormone deficiency which can be caused by many etiological factors, [1] [2] [3] including iodine deficiency, radioiodine therapy, thyroid resection, TSH-releasing disorder, and certain drugs such as tyrosine kinase inhibitors, rifampin, glucocorticoids, and colestipol. [4] [5] [6] The insufficient thyroid hormone status may slow life-sustaining processes of the body that result in dysfunction of tissues and organs, as well other lifethreatening complications. Although current treatment of hypothyroidism by oral hormone administration is relatively simple and inexpensive, it is difficult to use to maintain the complex homeostatic interactions of hormones. Side-effects such as osteoporosis and cardiac toxicity often occur even with the most commonly used drug, levothyroxine sodium. 7 Transplantation of thyroid cells would be a more physiological alternative treatment for this endocrine disorder. However, immune rejection makes allogeneic and xenogeneic implants challenging. Immune isolation of cells via microencapsulation has been investigated for many years. 8, 9 When cells are encased within a semipermeable hydrogel which hinders the larger host immune responders such as lymphocytes, immunoglobulins, and antibodies from penetrating into the microcapsules, the encapsulated cells are insulated from the immune system of the host's body. 10 On the other hand, the passage of small molecules such as nutrients, oxygen, electrolytes, hormones, and metabolites are permitted. Cell encapsulation technology has been used in some cells, such as islet cells, 11, 12 parathyroid cells, 13, 14 liver cells, 15 Leydig Cells, 16 ovarian cells, 17 and others. 18 However, microencapsulation of thyroid cells has not been reported. Using a three-dimensional (3D) microfluidic device 19 and polymer biomaterials, we have developed microencapsulated organoid constructs of porcine thyroid cells which closely resemble the thyroid gland in both morphology and function. The viability, proliferation, and hormonal secretion of the encapsulated porcine thyroid cells were evaluated in vitro. Our present study shows that encapsulated thyrocytes could form functional cell follicular structures and maintain viability and hormone release in vitro for at least 28 days.
Materials and methods
Materials RPMI-1640 medium, PBS, and HBSS (with and without Ca 2þ ) were purchased from HyClone (Logan, UT). Ultrapure low-viscosity-high-mannuronic-acid (LVM), ultra-pure sodium alginate , and low-viscosity-high-guluronic-acid alginate (LVG; 20-200 mPas) were purchased from Nova-Matrix, (Sandvika, Norway), Poly-Lornithine hydrochloride (PLO, MW ¼ 15,000-30,000; Sigma-Aldrich, St. Louis, MO) and sodium citrate (Fisher Scientific, Fair Lawn, NJ) were dissolved in Eagle minimum essential medium (M0518; Sigma-Aldrich). The molecular weights of LVM and LVG were 75-200 kDa as reported by the manufacturer. The LVG/LVM ratios of 1 and !1.5 were used for LVG and LVM, respectively, in the experiments. Thyrotropic hormone (TSH), calcium chloride, agar, Triton X-100 and FITC-dextran (avg MW ¼ 40,000) were obtained from Sigma-Aldrich. Fetal bovine serum (FBS) was purchased from Gibco (Grand Island, NY).
Thyroid cell isolation and culture
Porcine thyroid glands were obtained from farm pigs and kept in cold HBSS. The glands were washed in 70% alcohol, and then washed three times with HBSS containing penicillin and streptomycin (HBSS/PS) to remove blood cells and connective tissue. The gland tissue was finely minced and dissociated by incubating in enzyme mixture of 50 U/mL collagenase 2 (Worthington, Lakewood, NJ) and 1 mg/mL dispase (grade II; Roche, Indianapolis, IN) at 37 C with intermittent gentle agitation. The supernatant containing suspended follicles and cells was transferred to a centrifuge tube every half hour, and fresh enzyme mixture was added to the remaining undigested tissue fragments. The above procedure was repeated six to nine times. The same volume of FBS was added to the supernatants to stop digestion, and the follicles were allowed to settle by gravity sedimentation on ice for 1 h. The digestion process usually lasted for 3-5 h until no more tissue remained visually. After removing the supernatant, the pellets were resuspended in the growth medium (GM) composed of RPMI-1640 containing 10% FBS and 1 mU/mL thyrotropic hormone). After pooling and rinsing three times by centrifugation (200 g; 5 min), the resultant pellets were resuspended in the GM and passed through a 100 mm mesh cell strainer. The follicles and cells were seeded on 24-well cell culture plates for morphology observation and Petri dishes coated with 2% agar for microencapsultion in GM. The plates and dishes were incubated at 37 C in a standard humidified 5% CO 2 atmosphere.
Thyroid cell characterization
After incubation of cells on chamber slides for two days, characterization by immuno-fluorescence staining was performed. After fixing and permeabilizing, the samples were blocked in a serum-free protein block (Dako). The samples were incubated in a solution made up of a mixture of goat anti-Tg (Santa Cruz Biotechnology, CA) and rabbit anti-NIS (Santa Cruz Biotechnology, CA) at 4 C overnight. The cells were then incubated with a mixed solution of donkey antigoat IgG (Alexa Fluor Õ 594-conjugated; Invitrogen, Grand Island, NY) and donkey antirabbit IgG (Alexa Fluor Õ 488conjugated; Invitrogen) for 60 min in the dark. Next, a mounting medium for fluorescence with DAPI (Vectashield, Burlingame, CA) was used to counterstain the nucleus. The negative controls were incubated with only secondary antibodies. Images were taken using a fluorescence microscope (Leica DM4000B).
Microencapsulation procedure
Microencapsulation of thyroid cells was performed using a newly designed 8-nozzle microfluidic device as previously described. 17 This microencapsulation system is regarded to be efficient and advanced, and the design, principle and assessment have been demonstrated in our previous study. 19 After culturing for seven days, the thyroid cells were pelleted by centrifugation (200 g; 5 min) and dispersed using 200 ml pipette tips. An aliquot of the cells was directly seeded in 24-well plates (1 Â 10 5 cells/well) in the growth medium as unencapsulated controls. The cells for encapsulation were suspended in 1% (w/v) ultrapure LVM alginate solution (3 Â 10 6 cells/mL) and loaded in a syringe, which was connected to the 8-nozzle microfluidic device. With the pump speed at 0.9 ml/min and the high-throughput air flow at 3.6 psi, the microbeads were formed and collected in 1.1% calcium chloride solution and allowed a 15-min crosslinking time. Following two washes with HBSS (without calcium), the microspheres were incubated in 0.1% (w/v) PLO for 30 min to form a semipermeable coating to achieve appropriate permeability. The microcapsules were then incubated in 55 mM sodium citrate solution for 4 min to liquefy the inner cell-containing alginate core. The PLO-coated microbeads were washed twice and incubated in 1.25% (w/v) ultrapure LVG alginate solution for 5 min at 4 C to form the final outer layer resulting in alginate-PLO-alginate (APA) microcapsules followed by three washes with HBSS (with calcium) that initiate crosslink of the outer layer ( Figure 1 ). The microencapsulated thyroid cell organoids were cultured in 24-well plates (130 beads/well) at 37 C in a humidified 5% CO 2 atmosphere.
To characterize the permeability of the microcapsules, blank beads in a PBS solution containing FITC-dextran (MW ¼ 40 k; Sigma-Aldrich) or Alexa Fluor Õ 488-conjugated IgG (MW ¼ 160 k; Invitrogen) were incubated for 48 h at 4 C under soft agitation. The images of the beads were then taken under a confocal laser-scanning microscope (Olympus FluoviewFV10i) used to examine fluorescence within them.
Morphological studies of the microcapsules
The shape and surface of APA microcapsule organoids were examined under bright-field microscope (Zeiss Axiovert 200 M) and scanning electron microscopy (SEM; Hitachi S-2600N). Briefly, the microbeads were collected and fixed in 2.5% SEM-grade glutaraldehyde solution in PBS for 2 h. Then, the samples were rinsed in running DI water and dehydrated in graded alcohol concentrations.
After air drying, the samples were mounted on an SEM stand, sputter coated and observed with a Hitachi S-2600N scanning electron microscope.
Viability and proliferation analysis
To assess the viability of encapsulated thyroid cells, we performed live and dead staining as previously described. 17 Briefly, cell-containing microcapsules were transferred to a 1.5 ml brown (light blocking) Eppendorf tube every four days. The collected microcapsules were incubated in 25 mM CFDA SE (carboxyfluoresceindiacetate, succinimidyl ester; Invitrogen, Grand Island, NY) for 15 min at 37 C. They were then incubated in growth medium with 10% FBS for 30 min. This was followed by incubation in 50 mg/ml of propidium iodide (PI; Invitrogen) for 2 min. After washing with HBSS and fixing with 4% paraformaldehyde, the samples were observed using the fluorescence microscope (Leica DM4000B) for live/dead evaluation. The proliferation of microencapsulated porcine thyroid cells was evaluated using MTS assay (CellTiter 96 @ AQ ueous One Solution, Promega, Madison, WI) according to the manufacturer's instruction at the different time points. After recording the absorbance at 490 nm using a 24-well plate reader, the cell number of the samples was measured based on a standard curve and expressed as cell number/well for the microencapsulated cells and the control unencapsulated cells under a monolayer culture.
Immuno-fluorescence staining
After 20 days' incubation, 30 microcapsules were collected for frozen sectioning. After washing with PBS, the microcapsules were embedded in FSC22 clear frozen section compound (Leica Biosystems, Richmond, IL). Frozen sections (6 mm thick) of the microcapsules were sectioned using a cryostat (Leica CM 1950) and mounted on slides. After fixing in acetone and protein blocking, the slices were incubated in the primary antibody of goat anti-Tg (Santa Cruz Biotechnology), rabbit anti-NIS (Santa Cruz Biotechnology) and mouse antithyroxine (GenWay, San Diego, CA) at room temperature for 1.5 h in a humidified chamber. Following washing with PBS, the slices were incubated with secondary antibodies of donkey antigoat IgG (Alexa Fluor Õ 594-conjugated; Invitrogen), and donkey antirabbit IgG (Alexa Fluor Õ 488-conjugated; Invitrogen), and goat antimouse IgG (Alexa Fluor Õ 594-conjugated; Invitrogen) for 30 min at room temperature in the humidified chamber. After nucleus counterstain and mounting, the slices were evaluated by a fluorescence microscope (Leica DM4000B).
Measurement of thyroid hormone release
To evaluate endocrine functions from microencapsulated and unencapsulated monolayer porcine thyroid cells, the levels of thyroxine in the culture medium were measured. Both encapsulated and unencapsulated cells were cultured in 24-multiwell plates in the growth medium for Figure 1 Schematic of the microencapsulation process. The cells were suspended in LVM solution and the inner alginate core was formed by the 8-nozzle microfluidic device. After cross-linking in calcium chloride solution, the inner core was coated with PLO and then LVG to form the APA multilayered microcapsule.
28 days, and conditioned medium was collected once every four days. The measurements of thyroxine were carried out using ELISA kits (L140928892; Biomatik, Wilmington, DE). The hormone concentrations of the samples were read off a standardized curve and expressed as ng/cell/24 h.
Data analyses
Statistical analysis was performed using SPSS (v 19.0). All values are expressed as mean AE standard deviation. The Student t-test was used to compare the two groups. After statistical analyses, the differences were considered to be significant when P 0.05. 
Results

Morphology and characterization of cultured porcine thyroid cells
The morphology of porcine thyroid cells was observed under the light microscope. The monolayer glandular epithelial cells covered the culture dish completely after two to three days (Figure 2(a) ). After four days, the appearance of typical hemisphere-like domes was observed (Figure 2(b) ). Before encapsulation, the cultured cells were screened for the expression of sodium-iodide symporter (NIS) and thyroglobulin (Tg) by immuno-fluorescence staining. Thyroglobulin is a large precursor of thyroid hormones and iodinated at tyrosine residues. NIS mediates active iodide transport in thyroid hormone synthesis. Tg and NIS are considered as specific markers for thyroid cells. 20 The cultured cells stained positively for both Tg and NIS (Figure 2 ).
Permeability and morphology of the microcapsule organoids
Using imaging technique and fluorescence intensity profile analysis, we have previously demonstrated the multilayer microcapsule system, 21 which we have used here to microencapsulate porcine thyroid cells. Permeability properties of the microcapsule membrane are key to the immune insulation and therapeutic efficacy of the implanted microbeads. A successful semipermeable microcapsule membrane for the thyroid cells should allow the diffusion of thyroid hormones (MW ¼ 600-800), thyroid-stimulating hormone (MW ¼ 28,000), nutrients, oxygen, electrolytes and wastes, while blocking immunoglobulins, antibodies and host cells which mediate immune response. We chose FITCdextran (MW ¼ 40 k) or Alexa Fluor Õ 488-conjugated IgG (MW ¼ 160 k) to test the permeability of the capsule and assess the suitability of the alginate-PLO-alginate microcapsules for encapsulating thyroid cells. Figure 3 shows that dextran (MW ¼ 40 k) diffused through the capsule membrane and could be seen in the beads, while IgG was hindered from transport into the microbeads. This result is consistent with those from our previous studies of the permeability properties of APA microcapsules, 21, 22 and suggests that this APA microcapsule can be used for thyroid cell encapsulation as an immunoisolation strategy in therapy. Under light microscope, the APA microcapsules exhibited a regular round shape with relatively uniform size range (Figure 4(a) ). The cells and 3D structures can be observed within the transparent microsphere (Figure 4(a) to (c)), and the spheres of porcine thyroid cells were observed in each microcapsule (Figure 4(b) ). SEM images showed a smooth and complete external surface of the microbeads, which did not involve inner core cells (Figure 4(d) ). In contrast to unencapsulated thyroid cells in 2D culture (Figure 2(b) ), with stimulation by TSH, the encapsulated porcine thyroid cells gathered and formed 3D follicular spheres in the inner core of the liquefied alginate microcapsules within 48 h. The diameters of the hollow spheres of the thyroid cells were 80.2 AE 45.5 mm (n ¼ 50), and 9.2 AE 5.5 (n ¼ 30) spheres were observed in each microcapsule. The integrity of the structure was maintained for more than 28 days.
Viability and proliferation of the encapsulated porcine thyroid cells
Live and dead staining was used to assess cell viability. Figure 5 shows live and dead cells imaging in the representative samples of the microcapsules from day 1 to day 28. It can be seen that most of the encapsulated thyroid cells at each time point were viable with only a few dead cells inside the microcapsules. The viability of the cells in the microcapsules was maintained for at least 28 days in culture. It was observed that the encapsulated thyroid cells formed spherical structures which were maintained throughout the experiment with good viability. To quantitatively analyze the proliferation of encapsulated and unencapsulated thyroid cells, an MTS assay was conducted every four days according to the experimental protocol. We observed a low rate of proliferation of the encapsulated cells, but a rapid growth pattern from monolayer cultured thyroid cells ( Figure 6 ).
Secretory function of the encapsulated porcine thyroid cells
To assess endocrine function, thyroxine release from porcine thyroid cells in monolayer culture and microcapsules was examined in complete growth medium at each time point. Hormone release could be seen in both encapsulated and unencapsulated thyroid cells starting from day 4 (Figure 7 ). Thyroxine secretion was significantly higher in encapsulated cells than in monolayer cultured cells at all time points (P < 0.05). The level of thyroxine released by microencapsulated thyroid cells continued to increase during 28 days (hormone release measurement shown in Figure 7 ). To further confirm the morphology of microbeads and the secretory function of the cell follicular structures in the microcapsule organoids, we collected the microbeads at day 20 and assessed the expression of NIS, Tg, and thyroxine by immunofluorescence staining in frozen sections. The functional thyroid follicle-like structures that were developed in the microcapsules stained positive for both NIS and Tg, which play important roles in thyroid hormone synthesis and a positive stain for the thyroid hormone, thyroxine, was also observed in the colloid inside the lumen of the follicular spheres ( Figure 8 ).
Discussion
Hypothyroidism is one of the most common hormone deficiency problems. Because of the limitations of lifelong oral hormone administration for treating hypothyroidism, the applications of tissue engineering and regenerative medicine in thyroid hormone deficiency management are highly desirable. One approach has been to regenerate the thyroid gland using stem cells. In vitro thyroid-like cell differentiation from mouse embryonic stem cells (mESCs) was first demonstrated by Lin et al. in 2003. 20 Then, Arufe et al. reported the directed derivation from mESCs to thyroid follicular cells. TSH, insulin-like growth factor-1 (IGF-1), and insulin were essential for the differentiation to thyroid cells. 23, 24 Subsequently, Antonica et al. implanted functional ESC-derived thyroid cells into mice to rescue hypothyroidism. 25 However, clinical application of ESC is restricted Figure 6 The proliferation of encapsulated and unencapsulated porcine thyroid cells: The cells in both groups were cultured in 24-well plates with growth medium, and cell growth rates were evaluated by the MTS assay at the indicated times. Data presented are means AE SD (n ¼ 6 in each group). The results indicate that the proliferation of the unencapsulated cells was higher than that of encapsulated cells. The figure represented the data from one of two separate experiments because of its oncogenecity. Another approach is to fabricate thyroid tissue with allogenic or xenogeneic thyroid cells and biomaterials. Bell et al. reconstructed a glandequivalent structure with thyroid cells, combined with fibroblasts and collagen gel in vitro, and the cells formed functional thyroid gland equivalents in vivo after implantation. 26 Toda et al. have also used a 3D culture technology to fabricate thyroid follicles from porcine thyroid cells. 27, 28 Furthermore, Arauchi et al. used a cell sheet engineering method to form typical thyroid structures with hormone secretory function. 29 In these studies, although thyroid follicles were successfully reconstructed, graft rejection after implantation was a major barrier to clinical application. In the present study, we have therefore adopted the approach of immunoisolation by microencapsulating porcine thyroid cells, as a strategy to overcome the immune rejection barrier, with the potential to expand the sources of cells that can be used for clinical application.
Microencapsulation has been applied in drug delivery, biosensors, bioanalyses, microelectronics, cell delivery, and cell transplantation. [30] [31] [32] The technique of cell microencapsulation for hormone replacement was first described by Lim and Sun for the encapsulation of pancreatic islets as a treatment option for insulin deficiency. 33 Many types of natural and synthetic biomaterials have since been explored for cell encapsulation, including alginate, 34 collagen, 35 hyaluronic acid (HA), 36 agarose, 37 gelatin, 38 polydimethylsiloxane (PDMS), 39 and tyramine. 40 In the present study, we chose ultrapure alginate because of several attractive properties, including improved biocompatibility, bioinertness, and lower biodegradability. 41 Alginate can form a gel with controllable gelation property under mild physiological conditions, 42 with tunable pore size to control the diffusion of biomolecules. 43, 44 As a hydrogel, it can also provide a synthetic extracellular 3D environment which mimics certain beneficial properties of the extracellular matrix (ECM) 45 for cell growth. 46, 47 It is noteworthy that in previous studies with alginate microcapsules, 1.5% alginate concentration was used for the fabrication of the inner alginate core. 10, 17, 18 In the present study for the thyroid cells, we used 1% LVM alginate, because it was found to generate a matrix that provided more suitable support for the formation of cell follicular structures and the controlled diffusion of nutrients and hormone products. This observation highlights the important relationship between matrix components and cell phenotype and function consistent with studies on other cell types. 48 Furthermore, the maintenance of good cell viability during the experimental period shown by the live/dead staining could be due to not only the favorable extracellular environment but also the integral follicular structure which provided connections and communications between the cells within the microcapsules.
To achieve the proper permeability, we used longer incubation time of alginate beads in PLO solution in order to increase the mechanical strength of the capsules and to potentially invoke less immunoreactions if implanted, 49 as previous studies by our group had shown that longer duration of PLO coating reduces the permeability of the beads. 22 In this study, we tested the permeability of microcapsules to determine if the multilayer microcapsules are appropriate for thyroid cell encapsulation. Our permeability test shows that TSH (MW ¼ 28,000) is able to diffuse through the semipermeable microcapsule membrane and stimulate thyroid cells to release hormone that can exit, while large molecules such as IgG are excluded from entry.
It has previously been shown that several days after the formation of a monolayer, thyroid cells may partly lose TSH-binding capacity and the capacity to concentrate iodide. 50 In our study, we found that TSH stimulation did not induce thyrocytes in 2D culture to form cell follicular structures in contrast to the encapsulated cells. Although after microencapsulation the expansion of cells was much slower presumably because the space within the microcapsules was restricted when compared to the unencapsulated cells and the proliferation of thyroid cells would be very limited after the formation of the follicles, 51 the 3D environment of the microcapsules resulted in the maintenance of the follicular structures and hormone secretion for a longer period, showing the beneficial properties of this microenvironment in creating a suitable cell niche.
The result of ELISA test indicates that the reorganized cell follicular structures in the microcapsule organoids maintained better function with the release of thyroxine compared with monolayer cell cultures. The higher synthetic and secretory capability of encapsulated thyroid cells may be due to optimal development of follicular structures which are the functional units of the thyroid gland in 3D spheroids, as well as the favorable environment provided by the alginate hydrogel. In future studies, we will determine the regulation of the organoids by TSH in long-term experiments in order to monitor any temporal changes in morphological and functional properties dynamically, albeit, this APA microcapsule system has been shown to maintain durable mechanical strength and physical properties over time. 12 In addition, in vivo studies of the performance of these organoid constructs are also required.
Conclusion
We have successfully used the multilayer microcapsules 12, 17, 21 for encapsulating viable porcine thyroid cells. The 3D microencapsulated thyroid cell organoids maintained normal morphology, viability, and secretory function for at least 28 days. Our study, which is the first description of successful microencapsulation of thyroid cells, represents an important step toward the goal of tissue engineering of functional thyroid tissue for use as a more physiological alternative therapy for hypothyroidism, as well as for potentially screening drug efficacy on thyroid tissue.
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